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SUMMARY 
In order to clarify the effects of particle size and density on the segregation of the par­
ticles, some experiments on the permeation of the particles having different size and density 
from those of the bed were carried out in a moving bed by using glass beads and spherical 
particles of alumina with various sizes and densities. 
The results indicate that a simple flowing pattern of the particles exists in the moving 
bed and the degree of permeation can be represented by the following empirical equation, 
Xr = Q.S (Pr) + 1.2 (D8)n _ 1 Xs Ps Dr 
where n = 1 at DrSo Ds or n = 2 at Dr> Ds, and Xr/Xs is the quantity defined as an index 
of the permeation degree of the particles in a moving bed, which is independent of the mov­
ing distance of the bed. It is suggested that this index of segregation can be used to 
predict the amount of segregation occurring when mixtures of particles of different proper­
ties are handled in equipment where the flow pattern is more complicated. 
1. INTRODUCTION 
It is well known that mixing and segregation can occur when solid particles flow in 
equipment such as rotating drums, moving beds, storage hoppers or conveyors. When the 
components of a mixture are freely flowing, even a slight difference in their properties will 
cause each component to follow its own path, leading to segregation. The amount of segre­
gation that occurs depends on both the properties of the particles and the treatment they are 
subjected to in the equipment. 
The aim of the present work is to study the effect of particle properties on segregation 
in a situation which is simple compared with the complicated flow patterns and segregation 
mechanisms which often occur in solids handling equipment. 
Shinohara, Shoji and Tanaka 1> made measurements in which permeation due to particle 
re -arrangement during flow and shear segregation due to the existence of velocity gradients 
were present. In Bridgwater's work2> the amount of segregation occurring due to the pre­
sence of a velocity gradient was found. We3> have already published some results of experi­
ments in which segregation is measured in a bed or particles movmg vertically between 
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smooth walls, there were no velocity gradients present and permeation was the result of 
particle re-arrangement during flow. In the present paper the effect of permeation on the 
particle segregation is added. 
2. EXPERIMENTS 
2. 1 Experimental Apparatus 
A small moving bed, shown in Fig. 1, 
was used as the experimental apparatus. 
The bed was rectangular in cross section 
measuring 4.0 em by 1.5 em with an overall 
length of 200 em. It was made of trans­
parent plastic plates of 1 em thickness, and 
consisted of three sections A, B and C. 
The moving bed of particles was ob­
served in section A, where the permeation 
of the particles occurred during the move­
ment of the bed. Section B is a sampling 
section, where the permeation of particles 
observed in the section A was measured. 
Sections B and C can be turned to the ho­
rizontal position without moving section A. 
The sampling method results in small errors. 
A small hopper and an electric vibratory 
feeder were arranged for adjusting and 
keeping constant the rate of particle dis­
charge at the bottom of the tube. 
2.2 Materials 
The particles used were spheres of 
glass and alumina, and silica gel. Their 
properties are listed in Table 1. The sphe­
rical particles were selected by an inclined­
rotating plate method4> by which they were 
separated from non-spherical particles. The 
spherical particles were then classified by 
sieving. The density of the particles was 
found by measuring the diameter of particles 
with a micrometer and weighing. 
Two kinds of spherical alumina particles 
A 1-C (average diameter 3.76 mm, density 
1.72 g/cm3) and Al -D (average diameter 3.29 
I 
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A: Movilg bed 
B :Sample section 
Vibratory feeder 
Fig. 1. Schematic diagram of experimental apparatus 
(Section B and C were turned to the 
horizontal position for sampling). 
Table 1. Materials and Properties 
Spherical Sieving Mean** Mean*** range diameter density particles (Mesh) D (em) (g/cm') 
Al-C 3.5/4 0.521 1.70 
Al-C 4/5 0.461 1.64 
Alumina C Al-C* 5/6 0.376 1.72 
Al-C 6/7 0.351 1.76 
Al-C 7/8 0.299 1.57 
Al-D 4/5 0.461 1.11 
AI-D 5/6 0.389 1.24 
Alumina D 
AI-D* 6/7 0.329 1.18 
AI-D 7/8 0.287 1.11 
GB 3.5/4 0.525 2.52 
GB 4/5 0.447 2.52 
GB 5/6 0.394 2.52 
G lass beads 
GB 6/7 0.319 2.52 
GB 7/8 0.259 2.52 
GB 8!9 0.228 2.52 
Silica gel SB 5/6 0.377 1.85 
•Al-C (5/6) and AI-D (6/7) were used as bed and tracer 
particles. 
•• Mean diameter was obtained by measuring diameters of 
about 200 particles with micrometer. 
•••Mean density was obtained by measuring weights and 
diameters of about 200 particles. 
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mm, density 1.18 g/cm3) were used as the particles of the bed which was permeated by tra­
cer particles of different size or density. Some of the bed particles were marked so that 
they could be observed and the flow pattern in the bed determined. 
2.3 Procedure 
The sections A, B and C were set vertically and were held in position by a support, as 
shown in Fig. 1a. The particles of the bed were continuously fed into the top of the section 
A and discharged from the bottom of the section C at a constant rate by the vibratory 
feeder. The mean bed velocity was maintained at 0.67 em/sec throughout the experiments. 
After the bed was allowed to travel a sufficient distance to reach a steady state, the 
feed and discharge of the particles were stopped and the upper surface of the bed was ad­
justed at a starting level. Tracer particles were packed on the bed to a depth of 30 mm. 
The upper level of the bed containing the trac�r particles was taken as the initial height of 
the moving bed H = H0• The particles in the moving bed were then continuously dischar­
ged at a constant rate. When the upper surface of the bed reached the boundary level bet­
ween the sections A and B the discharge of the particles was stopped and the fall of the bed 
stopped simultaneously. The final height of the bed is Hf. The effective moving distance 
of the bed is Ll H [ = Ho - Hf]. The experiments were carried out with various moving dis­
tances ranging from 10 em to 140 em by changing H0 • 
After the upper surface of the bed had reached the final height Hh the particles, which 
had moved into the section B and C, were confined to these sections by enclosing the top 
of the section B and the bottom of the section C without discharge or displacement of the 
particles. The section B and C were turned to the horizontal position, as shown in Fig. 1b, 
and they were romoved from the main apparatus. One of the walls of the sections B and C 
was taken off. The particles of the bed containing the tracer particles were divided and 
sampled at intervals of 3 em in the direction of the height of the bed. The volume concent­
ration of the tracer particles in each sample was measured. 
3. EXPERIMENTAL RESULTS 
3. 1 Permeation Phenomena 
It was observed that the moving bed travelled slowly down, always maintaining a hori­
zontal upper surface. Although particles moved slightly to the right or left the flow pattern 
showed that plug flow occurred with no appreciable velocity gradients across the bed. 
There were , therefore, no appreciable wall effects and no shear forces were exerted on the 
bed. 
When particles which were heavier or smaller than the particles of the bed were placed 
on top of the bed, these tracer particles were observed to permeate into the bed, that is, in 
general they travelled further than the alumina particles forming the bed. 
In the present paper, the above phenomenon in a moving bed was described as 'permea­
tion' of the particles. 
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3 .  2 Uniformity of Bulk Density in the Moving Bed 
The discharge rate from the bottom of 
the moving bed was measured as the con­
tainer was emptied, the head of powder H 
being noted on each occasion. The results, 
shown in Fig. 2, indicate that the discharge 
rate was independent of the height of the 
bed. It was deducted from this that the 
voidage of the bed was the same throughout 
its height. In the present experiments, it 
was found that the void fractions in the 
moving beds were about 0.48 when using the 
Al-C particles as bed particles and about 
0.46 when using the Al-D particles as the 
bed. 
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Fig. 2. Effect of the head on the moving velocity 
and discharge rate of particles from the 
bottom of the bed. 
3.3 Quantitative Determination of the Amount of Permeation 
3.3. 1 Distribution of the Tracer Particles 
The tracer particles which were packed 
on the upper surface of the bed to a depth 
of 30 mm at the beginning of the experi­
ment were distributed in the vertical direc­
tion during the movement of the bed over 
a distance A H. Some experimental results 
for the distributions are shown in Fig. 3. Xap 
is the permeation depth of the particles 
from the upper surface of the bed and is 
defined as an apparent permeation depth. 
The distribution of marked particles, 
having the same properties as the bed par-
ticles, is also shown in Fig. 3. From the 
-
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Fig. 3. Permeation depth distribution of tracer 
particles in the bed. 
result, it appears that the bed has expanded during flow in order to permit permeation of 
the tracer particles. 
In order to describe the distributions quantitatively, the mean value of the distribution 
[ i ap] was calculated. 
3.3.2 Effect of the Moving Distance Ll H on XaP 
The experimental relationships between the moving distance of the bed Ll Hand the mean 
of the apparent permeation depth Xap are shown in Fig. 4. 
From these experimental results, it is seen that the value of Xap -1.5 is proportional 
to A H for any tracer particle. The value of Xap = 1.5 corresponds to the mean depth of 
tracer particles on the bed at the beginning of the experiment. 
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From these relations, the following 
equations were derived : 
i = (i aP- 1.5) cc AH (1) 
i/A H=x (2) 
where x is the mean effective permeation 
depth, and x is the permeation depth of the 
tracer particles per unit moving distance of 
the bed. x has a constant value, independent 
of .1H. The value of x and x corresponding 
to the tracer particles which differ from 
the bed particles in size and density are 
defined as XT and XT. Tracer particles 
having the same properties as the bed 
particles have respective value Xs and Xs. 
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From the results as shown in Fig.4 the 
following equation was obtained : 
mean depth of permeation of tracer particles 
from the top of the bed. Xap. and the moving 
distance of the bed . .1 H 
xT 
= const. 
Xs 
(3) 
xT was used as a measure of the degree of the permeation effectiveness, because xT is 
� � 
independent of A.H for a given combination of tracer and bed particles in the moving bed. 
When xT > 1, tracer particles can permeate into the bed, and when xT < 1, tracer particles 
� � 
cannot permeate into the bed but may be pushed up by the particles of the bed. 
3.3.3 Effects of the Particle Size and 
The experimental relation between the 
ratio of the density of the tracer particle 
to that of the particle of the bed (PT/ P8) 
and the permeation effectiveness (xT) Is 
Xs 
shown in Fig. 5. Results are shown for 
three different particle diameter ratios, D8/ 
DT =::. 0. 7, 1.0 and 1.3. Each of the numbers 
near the points on the graph denotes its 
size ratio D8/ DT, where DT is the mean dia­
meter of the tracer particles and D8 is the 
mean diameter of the particles of the bed. 
From these results an empirical equa­
tion was obtained as follows : 
XT + 1 = a (PT) + b (4) Xs Ps 
where a is 0.8 and b will be a function 
Density on the Permeation Effectiveness 
+ 
HIH 
0 
� e a> Al-oi617) 
1.0 2.0 
(Pri/Jal (-1 
Fig. 5. Effect of particle density ratio (Pr/P8) on the 
permeation effect (xy/X8) in the bed (Number 
near the point denotes its size ratio (D8/ DT)). 
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In Fig. 6 i �: !_ 0.8 (�:) + 11 is plott­
ed against the particle size ratio �; . The 
results fit an equation of the form : 
Xr - 0.8 (Pr) + 1 = 1.2 (DB)n (5) XB PB Dr 
. DB DB In the regiOn Dr < 1, n = 2. For Dr 
2': 1 there are insufficient results to obtain 
the value of n , but it is shown later that 
the results are best correlated by assuming 
that n = 1. 
By rearranging equation (5) : 
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Xr where xB � 0 in this experiment and xB > 0, 
Fig. 6. Effect of particle size ratio (D8/ DT) on the 
permeation effect in the bed. 
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Fig. 7. Comparison of experimental results with the calculated value of (xTixs) from Eq. (6). 
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because the tracer particles were packed on the top of the bed at the beginning of the ex­
periment. 
Assuming that n = 2 for �; < 1 and n = 1 for �; ::=:: 1 it is shown in Fig. 7 that the 
experimental results agree well with the results predicted by equation (6) over the whole 
range of the tests. Other values of n were tested and did not give as good agreement as 
that shown. 
4. DISCUSSION 
4.1 Assumption of Additivity of the Permeation Effectiveness 
It is well known that, when a tracer particle is placed on a bed of free flowing particles, 
if the density of the tracer particle is higher than that of the particles in the bed, or if the 
tracer particle is smaller than that of the bed, the particle will permeate into the bed during 
flow of the bed. 
It would be expected that, when the tracer particle put on the bed has both larger den­
sity and smaller size than the particles in the bed, the permeation of the particle will be 
larger than that of a particle which is only smaller or more dense. 
In the present work, it was assumed that the permeation effectiveness of a spherical par­
ticle which is different from the particles of the moving bed both in size and in density is 
given by adding the permeation effectiveness based on the two separate effects. On the 
basis of the assumption, the following equation was given in a moving bed. 
Ax (P,D) = Ax(P) + Ax(D) (7) 
where Ax is the permeation depth into the bed per unit moving distance of the moving bed, 
(P) or (D) denotes the values due to either density difference or size difference and (P, D) 
denotes the value given by both density and size difference. Then in this moving bed hav­
ing x8, Ax is equal to (xy - x8), and A x is represented as follows : 
AX (P, D) = Xy (P, D) - XB 
Ax ( P ) 
Ax (D) 
Xy ( p) 
Xy (D) 
XB 
XB 
By substituting the above equations in equation (7) 
Xy (P, D) - 1 = ( Xy (Pl - 1) + ( Xy (D) - 1) 
XB XB XB 
Xy ( P, D) 
= 
Xy (P) + Xy (D) _ 1 
XB XB XB 
(8) 
(9) 
(10) 
This equation is of the same form as equation (6) which was obtained as an empirical 
fit to the experimental results. Comparing the two equations gives : 
Xy (P) 
XB 
- 5 2 -
Xr(D) 
= 1.2 (Dsf Xs Dr 
The permeation effectiveness of particles differing from the particles of the bed can there­
fore be predicted by adding the permeation effectiveness due to the separate effects of den­
sity and size difference of the particles. 
4.2 Effect of Permeation Effectiveness on Particle Segregation 
Consider a binary mixture of particles A and B which differ in size or density or both, 
where measurements of the mean permeation effectiveness xA and Xs have been made. If xA 
> Xs the A particles will tend to move towards the lower part of the vessel. If x8 > xA 
the tendency will be for the upper part of the mixture to contain an excess of A particles. 
If xA and Xs are nearly equal the amount of segregation occurring will be very small. In 
practice the behaviour of the system would be more complicated, depending on the treatment 
given to the particles. Other effects, besides the type of permeation considered in these ex­
periments, will be present, but the amount of permeation occurring in the experiments des­
cribed here will give an indication of the tendency of particles to segregate under other and 
more complex flow conditions. 
On the basis of the above consideration, it will be possible to explain the characteristics 
of the axiaJ5> and radial6> segregations of binary solid mixture in rotating vessels. 7> 
CONCLUSIONS 
It is shown experimentally that when tracer particles are placed on top of a downward 
moving bed of particles the tracer particles will permeate into the bed if they are either smaller 
or more dense than the bed particles. The amount of segregation is characterised by the 
ratio of the distances moved by tracer and bed particles (xr/ x8). The size and density effects 
are found to be additive and the total effect is given by : 
where p represents particle density, 
D represents particle diameter, 
and the subscripts T, B refer to tracer and bed particles respectively. n was found experi­
mentally to be 1 when Dr "'S Ds and 2 when Dr > Ds. 
D ; Particle diameter 
I ; Frequency of tracer particles 
H ; Height of a moving bed 
Ht ; Final height of the bed 
Ho ; Initial height of the bed 
AH ; Moving distance of the bed 
Nomenclature 
P ; Discharge rate of particles from the bed 
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u ; Moving velocity of the bed [em/sec] 
x ; Effective permeation depth of tracer particles per unit moving 
distance of the bed ( =i! Ill{) 
.X ; Mean effective permeation depth ( =Xap- 1.5) 
Xap ; Apparent permeation depth from the top of the bed 
Xap ; Mean apparent permeation depth 
[ -] 
[em] 
[em] 
[em] 
p ; Particle density [g/cm'] 
Subscript; T, B; Denote value of tracer particles differing from particles of the bed and denote 
value of particles of the bed and its tracer 
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